The purpose of this study is to investigate the saltwater intrusion phenomenon in the alluvial aquifer of Katapola, on Amorgos Island, under current and future climatic conditions and to provide groundwater management options for alleviating this problem. To this end, a groundwater flow model was developed and the sharp-interface approximation combined with the Ghyben-Herzberg equation was used. A correction factor that accounts for the hydrodynamic dispersion occurring at the brackish zone was also incorporated in the analysis. The model results show that under the current pumping strategy, the saltwater intrusion front extent is vast, posing a serious threat to the quality of groundwater used for drinking and irrigation in the area. The management goal is to find the alternative pumping scenarios for the existing well network that will prevent further spreading of saltwater intrusion. Several water management scenarios were developed, taking into account the effects of climate change, the increase in water supply demand and the expected population growth.
INTRODUCTION
Aegean islands' limited groundwater resources set them among the most sensitive water districts of Greece. Some of the main inhibiting factors affecting groundwater resources are the islands' limited surface areas, complex geological structure, sharp hilly morphology and low storativity combined with low annual rainfall and high average temperatures (Kourmoulis et al. ) . The planning and management of such aquifers requires special attention, in order to avoid the salinization of the limited freshwater sources. The proximity to the sea and overexploitation of coastal aquifers are conducive to the effect of seawater intrusion. Since the study of Ghyben () and Herzberg () , extensive research has been carried out leading to the understanding of the mechanisms that govern seawater intrusion (Bear & Cheng ) . According to the width of the transmission zone between seawater and freshwater, two approaches have been developed to describe saltwater intrusion mathematically. The first approach is based on the sharp-interface approximation. This approach, neglects mixing and assumes steady state conditions, often leading to the overestimation of the saltwater intrusion extend. It is applied with more accuracy when the width of the freshwater-saltwater transition zone is small relative to the thickness of the aquifer. The second approach is the density-dependent approach, according to which the two fluids (freshwater and seawater) are miscible, thus forming advection of water towards the sea, the recirculation of seawater and mixed water and the hydrodynamic dispersion (Bear & Cheng ) .
Numerous groundwater flow models have been developed over the years, taking into account the common sharpness of the fluids' interface, such as Princeton Transport Code (PTC) (Pinder et al. ) . More recently, models solving the coupled variable-density groundwater flow and solute-transport equation have also been developed, such as FEFLOW, SEAWAT-MODFLOW and SUTRA, among others. The appropriateness of each method and corresponding model depends on the complexity of the problem at sight and the available data (Karatzas & Dokou ) .
When sharp interface models are used together with the Dupuit approximation, the problem is simplified, facilitating model development. For this reason, sharp interface models are widely employed to study saltwater intrusion. Karatzas & Dokou () used the sharp-interface approach with a particle swarm optimization algorithm and PTC to select an optimal management strategy for the saltwater intrusion problem in Malia, Crete. Papadopoulou et al. () have also applied this approach in conjunction with PTC to simulate the salinity zone in karstified systems, using recharging scenarios and sensitivity analysis to suggest water management solutions.
As mentioned above, particularly in Cyclades, groundwater is the main water resource in many semi-arid coastal regions and water demand, especially during summer months, can be very high. Groundwater withdrawals for meeting this demand, often cause seawater intrusion and degradation of water quality of coastal aquifers (Kourakos & Mantoglou ) . Extensive research has been made for Naxos Island, in an attempt to study the parameters that control the groundwater flow regime in fractured aquifers (Partsinevelou et al. ) but also to propose methods for facing long term water scarcity (Tsakiris & Spiliotis ). The work presented here, evaluates this correction using chloride concentration field data and examines how various climatic change scenarios would affect the groundwater resources and saltwater intrusion phenomenon, using a model that has been corrected to account for dispersivity effects. Specifically, the present study focuses on the development of a saltwater intrusion model for the alluvial coastal aquifer of Katapola, in Amorgos Island, using a combination of the sharp interface approximation and the Ghyben-Herzberg relationship corrected by the dispersion factor proposed by Pool & Carrera () . The system of partially differential equations is solved using the PTC model, a groundwater flow simulator that combines finite element and finite difference methods. An evaluation of the correction factor is performed by comparing against chloride concentration data, concluding that the correction improves the estimation of the saltwater front location. The system's response to changing climatic conditions, pumping rates and population growth is also examined by applying various scenarios to the calibrated model.
METHODS
For the simulation of the groundwater flow in the aquifer of Katapola, the PTC was employed. In order to solve numerically a system of three-dimensional equations, PTC uses a combination of finite element and finite difference methods.
These equations represent groundwater flow through a porous medium, Equation (1), and groundwater pore velocity, Equation (2).
where S S : specific storage and W: source/sink term. The model also accommodated two types of boundary conditions for the flow equation. The specified head boundary (Dirichlet) of zero meters was used at the coastline and a specified flow condition (Neumann), was used for pumping wells as well as for the lateral flow boundaries. To predict the saltwater intrusion front, the sharp-interface approach was used, in combination with the Ghyben-Herzberg relationship:
where h f is the head between the groundwater 
where β is aquifer thickness [L] and a T is transverse dispersity [L] which can be estimated as a fraction of longitudinal dispersivity α L :
When no data are available, longitudinal dispersivity is typically calculated by the empirical equation
where L is a characteristic length; in this case it represents the average distance between the coastline and the active pumping wells [L] .
Therefore, the Ghyben-Herzberg approximation to the interface depth is rewritten as:
Pool & Carrera ( Table 1 .
Initial and boundary conditions
A first-type flow boundary condition was set along the coast- 
RESULTS AND DISCUSSION

Saltwater intrusion estimation
In order to examine the number of wells that pump water of impaired quality, the collected data of Cl À were compared with the 250 mg/L chloride concentration, which is the parametric value specified by the European Community directive 98/83/EC on the quality of water intended for human consumption. Then, these values were compared to the saltwater intrusion front, as estimated by the Ghyben- Ghyben-Herzberg equation. The pink area, is the saltwater intrusion front as estimated from the original Ghyben-Herzberg equation. It is observed that during the wet periods, the saltwater intrusion front is limited near the coastline, whereas, during the dry periods, the front moves inland, affecting a large number of water supply wells (only five wells remain completely unaffected), while reaching the boundaries of the study area. This extreme behavior can be attributed to various factors, such as: the decreased hydraulic gradient during the summer months due to minimal or no groundwater infiltration and the excessive water abstraction, the aquifer's small dimensions and the lack of data for the northeastern part of the study area.
Future scenarios
The final aim of this case study is to examine the behavior of the saltwater intrusion front in the future and how the coastal aquifer of Katapola will respond to climate change 
Scenario ΙΙ
In the second scenario, the effect of reduced extraction rates was examined. The pumping reduction method was applied only on those wells that pump over 100 m 3 /for irrigation or drinking purposes. The new extension of the saltwater intrusion front was predicted for a 25%, 50% and a 90% reduction in pumping rates (Figure 9 ). Since the problem of groundwater quality degradation becomes more acute during the summer months, the reduced pumping rate scenarios were examined only for the dry periods until 2050. 8,000 residents during the summer. Accordingly, the daily water demand will be greatly affected for each period.
Specifically, the total daily demand in water supply is expected to rise by 28% by 2050. Figure 10 shows how the saltwater intrusion front will develop in this case for the dry period of 2050 (Figure 10(a) ) and for the wet period ( Figure 10(b) ). This result clearly indicates that the current pumping strategies are not sustainable and alternative water management scenarios need to be considered in the near future.
Scenario ΙV
The fourth scenario examines two cases of zero abstraction.
In the first case (Figure 11(a) ), all wells are shut down except for the main G14. In the second case (Figure 11(b) ), all wells are deactivated for the dry periods, to estimate the natural effect of saltwater intrusion. Groundwater recharge and lateral inflow rates remain constant. Figure 11 clearly shows that the deactivation of G14 greatly affects the saline zone location in the southern part of the coastal area. This phenomenon can be explained considering the geological formation of slate, which acts as an impermeable barrier for flow, and inhibits hydraulic communication between the southern and the northern part of the domain. Overall, the full deactivation of pumping wells limits the front close to the coastal zone, however, every well that operates near the coastline will abstract water of low quality.
CONCLUSIONS
A groundwater flow simulation of the alluvial aquifer in the area of Katapola was conducted with acceptable accuracy, given that the model's hydraulic head values deviate 1 m maximum from the corresponding field measurements.
The most important wells in the area are G14, which is the main water abstraction well for drinking purposes and W9, the main water abstraction well for irrigation purposes.
The model showed that these over-pumping wells, greatly affect not only neighboring areas, but also the largest part of the study area. This result demonstrates how sensitive the groundwater system is to high pumping rates, mainly during the dry (summer) periods.
Regarding the saltwater intrusion, the use of the empirical correction factor ε Ã led to more accurate predictions of the interface location and, thus, to a more realistic and efficient simulation of the groundwater system. It was found that, during the wet periods, the saltwater front is limited near the coastline, due to higher recharge rates and lower pumping rates. During the dry periods, the front moves further inland and, in extreme cases of drought, seems to reach the boundaries of the study area, posing a serious threat to groundwater quality.
Given the continuously growing touristic activity in the area, it is necessary to design and implement a fully controlled pumping strategy during the future dry periods. In particular, a reduction of 25%, 50% and 90% in pumping was tested for the study area. Only the 90% reduction in pumping rate scenario seemed to alleviate the problem of extended saltwater intrusion, in the southern part of Katapola. Such restriction is deemed unrealistic, thus a more moderate reduction could be applied in combination with alternative water sources. In any case, there are several wells still threatened by the saltwater front in the northern part. In addition, it is evident that the saltwater front is directly affected by rainfall (and subsequently groundwater recharge), which does not exceed 400 mm annually, as derived from the weather station of Naxos. Therefore, the effect of climate change on the front, which projects a considerable reduction in rainfall during the summer months, will exacerbate the problem, even if well abstraction is limited. Specifically, the worst case scenario suggests that, due to population growth, all wells will pump water of impaired quality by 2050, if no water management plan is implemented to mitigate the problem. On the other hand, wet periods may be seen as an opportunity to store water, as most of the wells remain unaffected by the seawater front.
For the points illustrated in the proceeding discussion, it may be assumed that an integrated groundwater management would include the periodic deactivation of most pumping wells. The replenishing water for irrigation could derive from a combination of methods such as water containment barriers, artificial recharge of the aquifer or rainwater recovery. The additional water for drinking purposes could derive from desalination, a method that has already be implemented in other Aegean islands.
